The purpose of mitosis is to distribute chromosomes that have been duplicated in S phase to opposite ends of the cell before cytokinesis (FIG. 1a) . This task is accomplished by the mitotic spindle, a bipolar, football-shaped structure that is composed of microtubules. To ensure that each daughter cell inherits an identical copy of the genome, the newly replicated siste r chromatid s, which are held together by the cohesin complex, must bi-orien t. Bi-orientation is achieved when sister chromatids attach to microtubules that emanate from opposite ends of the spindle. Once all chromosomes have attached to microtubules, cohesin is cleaved and the sister chromatids are irreversibly separated. Attachments between spindle micro tubules and chromo somes depend on the kinetochore. The kinetochore is a hierarchica l protein assembly of nearly 100 proteins that links centromeric DNA to spindle microtubules and thereby couples forces generated by microtubule dynamics to power chromo some movement. Core components of the kineto chore such as the constitutiv e centromereassociate d network (CCAN) 1 and the KMN (kinetochore null protein 1 (KNL1)-mis segregation 12 (MIS12)-nuclear division cycle 80 (NDC80)) network 2 , which bind centromeric DNA and microtubules, respectively, are conserved across eukaryotes, with additional contributions from species-specific auxiliary DNA-and m icrotubule-bindin g proteins.
The purpose of mitosis is to distribute chromosomes that have been duplicated in S phase to opposite ends of the cell before cytokinesis (FIG. 1a) . This task is accomplished by the mitotic spindle, a bipolar, football-shaped structure that is composed of microtubules. To ensure that each daughter cell inherits an identical copy of the genome, the newly replicated siste r chromatid s, which are held together by the cohesin complex, must bi-orien t. Bi-orientation is achieved when sister chromatids attach to microtubules that emanate from opposite ends of the spindle. Once all chromosomes have attached to microtubules, cohesin is cleaved and the sister chromatids are irreversibly separated. Attachments between spindle micro tubules and chromo somes depend on the kinetochore. The kinetochore is a hierarchica l protein assembly of nearly 100 proteins that links centromeric DNA to spindle microtubules and thereby couples forces generated by microtubule dynamics to power chromo some movement. Core components of the kineto chore such as the constitutiv e centromereassociate d network (CCAN) 1 and the KMN (kinetochore null protein 1 (KNL1)-mis segregation 12 (MIS12)-nuclear division cycle 80 (NDC80)) network 2 , which bind centromeric DNA and microtubules, respectively, are conserved across eukaryotes, with additional contributions from species-specific auxiliary DNA-and m icrotubule-bindin g proteins.
Sister chromatids that attach to the spindle but do not bi-orient, or chromatids that lack spindle attachments altogether, are at risk for missegregation. Errors in chromosome segregation are linked to the development of human cancers 3 and occur more frequently in cance r cells than in healthy cells4 . Regulatory proteins at the kinetochore safeguard against erroneous segregation and thereby increase the fidelity of mitosis in two ways. First, attachments on bi-oriented kineto chore pairs are selectively stabilized, whereas erroneou s attachments are destabilized and eliminated. This allows for another opportunity for bi-orientation. Second, un attached kineto chores are the primary signal to activate the spindl e assembly checkpoint (SAC), a cell cycle surveillance pathway that delays exit from mitosis. In the absence of the SAC, cohesin is cleaved and cells exit from mitosis irrespective of chromosome-spindle attachments, resulting in an increased frequency of chromosome missegregation events, decreased proliferativ e capacity and lethality [5] [6] [7] [8] (FIG. 1b) .
Juxtaposed with the need for fidelity in chromosome segregation is the need to transit through cell division rapidly, as core functionalities of the cell, including protein trafficking, transcription, translation and DNA repair, are largely suppressed during mitosis. Consistent with this, protracted delays in mitosis can trigger apop tosis (FIG. 1b) and are thought to underlie the efficacy of so-called 'anti-mitotic' drugs, including taxol and the vinca alkaloids, which are mainstays in cancer chemo therapy. These drugs bind to tubulin and prevent proper kinetochore-microtubule attachments, which results in sustained activation of the SAC (for a review, see REF. 9 ). Although the initial triggers 
Centromeric DNA
A specialized chromosomal locus that is epigenetically defined by the presence of the histone H3 variant centromereassociated protein A (CENPA), which directs the assembly of the kinetochore.
Constitutive centromericassociated network (CCAN) . A conserved network of proteins that is assembled on centromeric DNA. It is required for the recruitment of most kinetochore proteins.
of apoptosis that arise during mitotic arrest are not fully understood, accumulation of DNA damage is thought to contribute 10, 11 . Such delays are unlikely to be frequently encountered in nature, but shorter delays may arise from aberrations found in cancers, including the presence of extra centro somes 12 or misregulation of the tumour suppressor protein phosphatase 2A (PP2A) 13 . Such aberrations would be expected to delay bi-orientation and hence delay mitotic progression. Interestingly, even modestly lengthening the time spent in mitosis can induce a cell cycle arrest in the following G1 phase 14 (FIG. 1b) . This arrest occurs despite apparently normal chromosome segregation, which suggests that cellular stress accumulates even when mitotic progressi on is transiently delayed.
The competing needs for speed and fidelity in chromosome segregation are integrated mainly at the kineto chore. This structure is essential for SAC activation at unattached kinetochores, attachment to spindle microtubules and for the extinction of the SAC at attached kinetochores. In this Review, we discuss each of these kinetochore-based activities, focusing on recent insights into the requirements for kinase and phosphatase signalling. To review the concepts that are guidin g current thinking on how the fidelity and timeliness of chromosome segregatio n are achieved we focus our discussion on the KMN network, which is an essential and conserved complex of proteins that constitutes the core microtubule-binding activity at the kinetochore and is a platform for SAC signalling. We also discuss other key players where appro priate.
What is the KMN network?
The kinetochore-localized KMN network is composed of KNL1, the four-subun it MIS12 complex and the foursubunit NDC80 complex (FIG. 2a) . The KMN network is essential for both microtubule binding and SAC signalling in all eukaryotes examined. It is worth emphasizing that such functional conservation was not necessarily expected, as other aspects of kinetochore assembly and function diverge significantly across eukaryotes (for example, centromeric DNA sequences are not conserved). Moreover, the roles of the KMN network were not immediately obvious, because although many kinetochore proteins are essential for chromosome segregation, only few make direct contacts with microtubules. The central roles of the KMN network were gradually identified as its individual components were first found to be important for chromosome segregation and, subsequently, found to assemble into a 'super-complex' 15 (for a review, see REF. 16 ). These studies, together with the reconstitution of the recombinant KMN network and a demonstration of its microtubule-bindin g activity 2 , collectively established that the KMN network constitutes the core microtubule-binding site in eukaryotic chromosomes.
Recent analyses have provided important insights into the function and structure of the KMN network, in particular for the NDC80 complex and its association with micro tubules. The complex is a heterotetramer comprising NDC80 (also known as HEC1 in humans), At the start of mitosis, a bipolar spindle composed of microtubules assembles with their plus ends (+) oriented towards the spindle equator and their minus ends (-) clustered at the spindle pole (top). At the spindle poles, centrosomes are the major site of microtubule nucleation. Pairs of replicated chromosomes attach to the spindle via kinetochores (middle). Error-free chromosome segregation depends on each sister chromatid attaching to microtubules from opposite spindle poles (bi-orientation). Once all chromosomes have bi-oriented, sister chromatids are segregated to opposite spindle poles (bottom). b | Schematic plot of the proliferative capacity after cell division and relative chromosome segregation errors as a function of time spent in mitosis. When the spindle assembly checkpoint (SAC) is inactive, exit from mitosis occurs rapidly, independent of kinetochore-microtubule attachment (1) . This increases the frequency of erroneous chromosome segregation and hence can decrease the proliferative capacity. In an unperturbed cell cycle, proper chromosomespindle attachments are established quickly, and this allows for timely exit from mitosis (2) . The SAC ensures anaphase occurs only when all kinetochores have attached to the spindle. Modest increases in the time spent in mitosis, which can arise from SAC activity, decrease the proliferative capacity (3). This can occur despite the absence of segregation defects, likely due to the activation of stressresponse pathways. When the SAC cannot be satisfied, for example, in the presence of anti-mitotic drugs, mitotic progression is delayed, which leads to cell cycle arrest after an aberrant exit from mitosis or apoptosis (4). (FIG. 2b) . Heterodimers of SPC24-SPC25 and NDC80-NUF2 interact via coiled-coil domains and assemble into a dumb-bell-like structure with distinct functionalities at each end [17] [18] [19] [20] . The globular domains of the NDC80-NUF2 heterodimer fold into a calponin homolog y domain, which mediates microtubule binding 2, 18, 21 . The SPC24-SPC25 heterodimer globular domains are essential for kinetochore targeting of the NDC80 complex, as they directly bind to the MIS12 complex 22 and/ or CCAN components 23 . To couple chromosome movement to microtubule dynamics, the NDC80 complex must bind to and maintain persistent interactions with dynamic microtubules. A recent study has provided the first highresolution image of how this binding may occur 24 . Microtubule binding of the NDC80 complex arises in at least two ways, both dependent on the NDC80 protein (FIG. 2c) . First, an electrostatic interaction between the basic amino-termin al tail of the NDC80 protein and the acidic E-hook of tubulin confers affinity 18, 21, 24 . Second, the complex binds to microtubules by recognizing both α-tubulin and β-tubulin at the inter-and intra-tubulin interfaces 24 . This striking property of the NDC80 complex allows it to bind microtubules every 4 nm (the spacing of tubulin monomers), in contrast to most other microtubule-associated proteins, which bind every 8 nm (the spacing of tubulin dimers) and facilitates oligo merization of the NDC80 complex on microtubules. Moreover, because the inter-and intratubulin dimer interfaces are disrupted by the bending of deploymerizing microtubules, this second mode of binding may allow the NDC80 complex to function as a tubulin conformation 'sensor' , causing detachment of the NDC80 complex near depolymerizing microtubule tips (FIG. 2c) . The NDC80 complex is nevertheless able to maintain processive association (FIG. 2c) because it oligomerizes. In this way, cooperative microtubule binding may facilitate the retention of arrayed NDC80 complexes, and this allows persistent association with dynamic microtubules. Understanding how the calponin-homology domain of NUF2, which was not observed to contact microtubules in the NDC80 complex structure 24 but nevertheless is required for high affinity NDC80 complex binding to microtubules in vitro 18 and for proper kinetochore-microtubule attachments in vivo 25 will be important to address in future studies.
We currently lack high-resolution structures of the other KMN network components KNL1 and the MIS12 complex. KNL1 has microtubule-binding activity, which synergistically enhances KMN network association with microtubules in vitro 2 . In contrast, the heterotetrameric MIS12 complex functions as an inter-complex scaffold that links the KMN network to centromeric DNA via direct association with the CCAN protein CENPC 26, 27 . The MIS12 complex also bridges KNL1 and the NDC80 complex at kinetochores 22 . Further work is required to reveal precisely how these functions of KNL1 and the MIS12 complex are integrated with the NDC80 comple x to promote kinetochore function. The NDC80 complex can recognize the region between every α-tubulin and β-tubulin monomer, which is in contrast to most microtubule-binding proteins that bind once per tubulin dimer. Recognition of both intra-and inter-tubulin interfaces is thought to allow the NDC80 complex to preferentially bind straight (top) versus the curled (middle) tubulin interfaces at disassembling microtubule tips, and thus function as a tubulin conformation sensor. During detachment of the NDC80 complex (middle) from curved microtubule structures, cooperativity between NDC80 complexes (mediated by the NDC80 protein amino terminal tail (N-tail)) allows persistent microtubule attachment and biased diffusion (that is, displacement preferentially in one direction) towards the microtubule minus end (bottom). The positively charged NDC80 protein N-tail also increases the affinity of the NDC80 complex for microtubules via interaction with the negatively charged tubulin E-hook present in α-tubulin and β-tubulin subunits. Image in part c was modified, with permission, from REF. 24 © Macmillan Publishers Ltd. All rights reserved. 
Coiled-coil domains
Secondary structures composed of two or more α-helices that entwine into a supercoil. These structures often mediate protein-protein interactions and oligomerization.
Calponin-homology domain
A protein module of ~110 amino acids that is found in many cytoskeletal and signal transduction proteins.
E-hook
Carboxy-terminal residues of α-tubulin and β-tubulin. The E-hook contains the acidic residues Glu and Asp.
SAC activation at the kinetochore In addition to mediating chromosome-spindle attachments, the kinetochore has an essential role in relaying the microtubule-binding status to the SAC to delay exit from mitosis and chromosome segregation. In this section, we highlight recent progress that has been made on the molecular mechanisms of SAC activation at the kinetochore.
The SAC signalling components and the kinetochore. The SAC, which is conserved across eukaryotes, includes the Ser/Thr kinases monopolar spindle protein 1 (MPS1) and budding uninhibited by benom yl 1 (BUB1), as well as the non-kinase components mitotic arrest deficient 1 (MAD1), MAD2, BUB3 and the likely pseudo-kinase BUB1-related 1 (BUBR1; the human orthologue of yeast Mad3) [28] [29] [30] . These proteins delay precocious chromosome segregation through the inactivation of CDC20 (REFS 31,32), a co factor of the E3 ubiquitin ligase known as the APC/C (anaphase-promoting complex; also known as the cyclosome) 33, 34 (FIG. 3a) . The APC/C is a master regulator of cell division 35 . This complex triggers both sister chromatid segregation and exit from mitosis via the ubiquitylation and subsequent proteasomedependent destruction of cyclin B 36 (the master kinase regulating mitotic progression) and securin 37 (an inhibitor of the enzyme separase, which proteolytically cleaves cohesin complexes) [38] [39] [40] [41] [42] . The APC/C targets cyclin B and securin for ubiquitylation, and this is triggered by the recog nition of a destruction box (D-box) 36 sequence that is present in each of these proteins. APC/C co factors, which include CDC20 and CDH1 (CDC20 homologue 1) 43, 44 , form, together with the APC/C subunit APC10, a D-box recognition site 45, 46 . The SAC catalyses the formation of a CDC20 inhibitory complex, referred to as the mitotic checkpoint complex (MCC), which is a hetero tetramer composed of CDC20, MAD2, BUBR1/Mad3 and BUB3, thus inhibiting APC/C activity 47 (FIG. 3a) .
Figure 3 | Molecular mechanism of kinetochore-based SAC activation. a | Chromosome segregation and exit from mitosis are triggered by the APC/C (anaphase promoting complex; also known as the cyclosome). Cell division cycle 20 (CDC20), which is an activator of the APC/C, forms a docking site with APC10 that recognizes destruction box sequences (not shown) in cyclin B and securin. CDC20 promotes ubiquitylation (Ub) of these substrates and thus their degradation (left panel). The spindle assembly checkpoint (SAC) promotes the formation of a CDC20 inhibitory complex that is known as mitotic checkpoint complex (MCC; containing mitotic arrest deficient 2 (MAD2), budding uninhibited by benomyl 3 (BUB3) and BUB1-related 1 (BUBR1/Mad3)) (right panel). In the MCC, CDC20 interaction with APC10 is disrupted, and BUBR1/ Mad3 obscures degron recognition sites in CDC20. Additionally, the SAC promotes APC/C-dependent autoubiquitylation of CDC20 (not shown). Together, these MCC-dependent processes prevent ubiquitylation of cyclin B and securin. b | Schematic of SAC activation at the kinetochore. At unattached kinetochores, monopolar spindle 1 (MPS1) phosphorylates kinetochore null protein 1 (KNL1). Phosphorylated KNL1 binds BUB1 and BUB3, and recruits BUBR1/Mad3. In metazoans, KNL1 also recruits the ROD-ZW10-Zwilch (RZZ) complex, although the precise mechanism is unknown. Together, these proteins recruit to the kinetochore a heterodimer of MAD1 and MAD2 (in closed conformation). Incorporation of CDC20 into the MCC stabilizes securin and cyclin B in at least three ways (FIG. 3a) . First, BUBR1/Mad3 binding to CDC20 blocks D-box recognition sites in CDC20 (REFS 45, 48) . Second, CDC20 association with APC10 is disrupted 45 . Third, incorporation of CDC20 into the MCC promotes APC/C-dependent autoubiquitylation of CDC20, which decreases the level s of CDC20 and allows for complete inhibition of the remaining CDC20 pool by the SAC [49] [50] [51] . In this way, SACcatalysed inhibition of securin and cyclin B proteolysis prevents precocious chromosome segregation and exit from mitosis.
During mitosis, unattached kinetochores have a central role in CDC20 inhibition and thus SAC signalling. For example, in vertebrate tissue culture cells, a persistently unattached kinetochore can delay a cell in mitosis for several hours 52 , and in yeast mutations in centromeric DNA or kinetochore proteins result in mitotic delay 53, 54 . Most SAC proteins, including MPS1, BUB1, MAD1, MAD2, BUBR1/Mad3, BUB3 and CDC20, target to un attached kinetochores, and many are depleted from kinetochores upon microtubule attachment (reviewed in REF. 55 ). Consistent with essential roles of kinetochore signalling in maintaining mitotic arrest, the concentration of MPS1 at the kinetochore is necessary for mitotic arrest 56 . Conversely, constitutive kinetochore targeting of MAD1, which is normally lost from kinetochores upon microtubule attachment, is sufficient to sustain SAC signalling at attached kineto chores 57 . We note that kinetochores are not absolutely essential for the formation of the MCC, which is present during interphase in human cells (before recruitment of SAC proteins to kinetochores) and in yeast lacking functional kinetochores 47, [58] [59] [60] . However, in human cells, this kinetochore-independent pool of MCC is not sufficient to delay chromosome segregation in perturbed mitosis (such as under continuous exposure to microtubule poisons). Rather, it sets a minimum length of mitosis and inhibits the APC/C in prometaphase, when kinetochores are still assembling and recruiting SAC proteins 61 . A key kinetochore-based reaction in SAC signalling is to promote the assembly of MAD2-CDC20 complexes 62 . MAD2 exists in two conformations: a 'closed' conformer that is competent to bind CDC20 and MAD1 (which is the kinetochore receptor for closed MAD2); and an 'open' conformer that does not associates with these binding partners [63] [64] [65] [66] . Currently, a dominant model for the kinetochore-catalysed formation of MAD2-CDC20 complexes is the 'MAD2 template' model. This model posits that conversion of cytosolic MAD2 from an open to a closed state, and hence the ability of MAD2 to bind CDC20, is catalysed by a hetero dimer of closed MAD2 bound to kinetochore-localized MAD1 (REFS 62,67) (for a review, see REFS 68, 69) (FIG. 3b) 
SAC activation.
Mechanistic and structural studies of the activation of MAD2 at the kinetochore have provided key insights into the processes that occur during the last stages of kinetochore-based SAC activation (reviewed in REFS 55, 68, 69) . However, upstream events, in partic ular how the checkpoint machinery is targeted to un attached kinetochores, have only recently come into focus. Phosphoregulation clearly plays a part, with contributions from the MPS1 kinase, which has recently been shown to be required for the recruitment of essentially all other SAC components to the kinetochore 56, [73] [74] [75] . However, a mechanistic understanding of how MPS1 contributes to SAC activation lagged, due in part to difficultie s in identifying essential MPS1 substrates.
Accumulating evidence now suggests that KNL1 has a central and direct role in MPS1-dependent, kinetochorebased SAC activation. Disruption of the KMN network impairs recruitment of SAC proteins to the kinetochore and/or SAC activity [76] [77] [78] [79] [80] . Very recently, KNL1 has been identified as a conserved substrate of MPS1 (FIG. 3b) . 3c) and at additional sites near the N terminus of KNL1 . KNL1 is a crucial substrate of MPS1 at the kinetochore because mutation of all Mph1 (the fission yeast homologue of MPS1) phosphorylation sites in Spc7 (the fission yeast homologue of KNL1) abolishes SAC function, and fewer mutations compromis e SAC signalling 82, 83 . Phosphorylation of KNL1 by MPS1 creates a docking site for the SAC kinase BUB1 and its binding partner BUB3 (FIG. 3b) . Kinetochore-localized BUB1 is necessary and sufficient for recruiting the SAC proteins BUB3 and BUBR1/Mad3 (REFS 84, 85) . BUB1 also recruits MAD1, but the underlying molecular mechanism is unclear (FIG. 3b) . The requirement for KNL1 phosphorylation in SAC activation can be at least partially bypassed by artificially tethering BUB1 to the kinetochore and/or by introducing phosphomimetic mutations at the sites of MPS1-dependent KNL1 phosphorylation 82, 83 . These studies are consistent with the notion that recruitment of BUB1 to kinetochores depends on KNL1 phosphorylation by MPS1, although the interdependencies of BUB1 and BUB3 kinetochore recruitment may vary among organisms 85, 86 . A second KNL1-centred pathway of SAC activation has been identified in metazoans, and this pathway depends on the ZW10-interacting protein 1 (ZWINT1), which associates with both KNL1 and the three-subunit Rod-Zwilch-ZW10 (RZZ) complex, which, like BUB1, is required for MAD1 localization to kinetochores 87, 88 . MPS1 activity is required for kinetochore targeting of the RZZ complex 56, 73, 75 , however, it is unclear whether this depends on KNL1 phosphorylation. The discovery of fast-acting chemical inhibitors of MPS1 kinase activit y 56, [73] [74] [75] should aid in the identification of substrates that promote RZZ complex association at the kinetochore. Finally, BUB1 and BUBR1 can bind human KNL1, at a site that is distinct from the MELT repeats 89 . However, disrupting this interaction does not displace BUB1 and BUBR1 from kinetochores 90 . This suggests that the association with KNL1 may be functionally redundant with MPS1-dependent pathways, or, alternatively, that this interaction could contribute to SAC extinction.
Microtubule plus ends
The ends of microtubule polymers with β-tubulin subunits being exposed. They are more dynamic than the microtubule minus end (in which α-tubulin is exposed). In cells, microtubule nucleation occurs only at the plus end.
Collectively, these results highlight the importance of the KMN network in the integration of SAC signalling at the kinetochore and suggest that KNL1 is a 'landing pad' for SAC activation. Interestingly, MPS1-dependent phosphorylation of KNL1 is also required for chromosome alignment 83 . Whether this reflects a requirement for BUB1, BUB3 and/or BUBR1/ Mad3, each of which contribute to bi-orientation 85, [91] [92] [93] , or whether additional regulators of microtubule attachment also recognize phosphorylated KNL1 is unclear. However, the recent advances described here provide a valuable framework that will guide future studies to unravel precisely how the SAC is activated.
Microtubule attachment stability
In human cells, interactions between kinetochores and spindle microtubules arise concurrently with spindle assembly. Thus, at the start of mitosis, all chromosomes lack spindle attachments. Initial interactions between chromosomes and spindle microtubules occur predominantly along the microtubule lattice, rather than at microtubule plus ends 94 . However, these interactions are eventually replaced by stable end-on attachments, which depend on the KMN network. In this section, we describe recent insights into how end-on kinetochore-m icrotubule attachments are established.
Phosphoregulation of attachments.
Error-free chromosome segregation requires that microtubule binding is sufficiently dynamic such that erroneous attachments can be eliminated while proper attachments on bi-oriente d chromosomes persist through anaphase. These two competing needs are balanced through reversible phosphorylation events at the kinetochore (FIG. 4a) , with essential contributions from Aurora B kinase and the phosphatase PP2A containing a B56 regulatory subunit (B56-PP2A)
.
Aurora B targets to centromeric DNA and has a conserved role in destabilizing and eliminating erroneous kinetochore-microtubule attachments 95, 96 . This function is mediated in part through phosphorylation of the KMN network 97 . A large body of work suggests that phosphorylation of Aurora B substrates at the kinetochore reduces microtubule-binding affinity 98 ( FIG. 4a,b) . Current models suggest that differ ential levels of phosphorylation of Aurora B substrates arise because Aurora B is located closer to kinetochore substrates on erroneously attached kinetochores, where tension is low, compared with bi-oriented kinetochores, where tension is high and the distance between the kinetochore and centromere is increased 99 . Additionally, centromeres of misaligned chromosomes are enriched with Aurora B 100 . The differential phosphorylation level s of Aurora B substrates at erroneously attached versus bi-oriented kineto chores can be explained by increased access to kineto chore substrates. Paradoxically, however, the accessibility of Aurora B to kinetochore substrates is expected to be highest in prometaphase when tension is low, and it is therefore unclear how stable attachments form at the start of mitosis. This paradox could be resolved by two observations. First, although phosphorylation of KMN network proteins is indeed higher at kinetochores in prometaphase than in metaphase, this modification does not reach saturating levels. We know this because upon complete microtubule depolymerization, and hence, upon loss of tension, phosphorylation of KMN network proteins is several fold higher than in prometaphase 97 (FIG. 4b) .
Second, during prometaphase, these intermediate levels of Aurora B-dependent phosphorylation depend on the B56-PP2A phosphatase, which reduces phosphorylation of Aurora B substrates at the outer kinetochore, including the KMN network 13 . Indeed, disrupting the kinasephosphatase balance by depleting B56-PP2A increases phosphorylation of the KMN network, and this precludes stable kinetochore-microtubule inter actions (FIG. 4a,b) . Chemical inactivation of Aurora B kinase activity restores stable microtubule interactions in these cells, which suggests that un opposed Aurora B activity accounts for the attachment defects. These findings also imply that misregulation of B56-PP2A, which is commonly observed in human cancer cells, compromises the fidelity of chromo som e segregation 101, 102 .
We suggest the following model to describe how stable kinetochore-microtubule interactions are formed during prometaphase (FIG. 4c) . First, at unattached kinetochores, at the start of mitosis or in the presence of microtubule poisons, Aurora B is close to its outer kinetochore substrates (such as the KMN network) and phosphorylation is maximal 97 . Phosphorylation occurs despite the presence of B56-PP2A, possibly because the close proximity of the kinase is sufficient to obtain saturating levels of phosphorylation. Second, during prometaphase (FIG. 4c) , many kinetochores establish lateral interactions along microtubule walls 94 . Importantly, lateral attachments do not require the KMN network 94, 103 and thus may be imperviou s to Aurora B and B56-PP2A signalling. Crucially, these lateral interactions produce tension 94 , which increases the distance between centromeric Aurora B and the KMN network. However, the proximity of B56-PP2A, which localizes to the outer kinetochore 104 , remains constant. As a result, phosphorylation of the KMN network proteins is decreased several fold compared with unattached kinetochores 97 , and this facilitates the transition from side-on to tip attachments (FIG. 4c) . Subsaturating levels of phosphorylation of the KMN network across multiple phosphorylation sites also creates an opportunity for multiple phosphorylation states of the KMN newtork, which permits graded rather than binary changes in microtubule binding 97 . Finally, as micro tubule occupancy increases (FIG. 4c) , inter-and intra-kinetochore tension is established 105, 106 , and the accessibility of Aurora B kinase to the kinetochore is reduced, whereas B56-PP2A is removed from the kinetochore. These two events, together with the targeting of protein phosphatase 1 (PP1) to attached kinetochores 107, 108 , ensure phosphorylation remains low on bi-oriented kinetochore pairs. One weakness of this model is that it assumes that all substrates have equal affinities for both Aurora B and B56-PP2A. Therefore, in the future, it will be important to examine the enzymology of key kinetochore phospho-substrates in vitro. The regulation of kinetochore-microtubule attachments depends on a network of additional proteins, including Polo-like kinase 1 (PLK1) 100, 104 and SAC proteins (for example, MPS1 (REFS 56, 75) , BUBR1/Mad3 (REFS 91,104), BUB1 and BUB3 (REF. 109) ). These proteins perform double duties in both SAC activation and, in some instances, regulation of Aurora B and B56-PP2A. Aurora B targeting to centromeres depends in part on BUB1-mediated phosphorylation of histone H2A 110 , whereas recruitment of B56-PP2A to the kinetochore depends on PLK1-mediated phosphorylation of BUBR1 (REF. 104 ). B56-PP2A, in turn, regulates phosphorylation of BUBR1 and PLK1 kinetochore targeting 13 . Such interdependencies of kinase and phosphatase recruitment, combined with microtubule-attachment sensitive targeting, create the possibility for feedback mechanisms to rapidly respond to microtubule binding. The identification of the substrates and docking sites for Aurora B and B56-PP2A, and their kinetochore regulators, will be essential to understand how microtubule-dependent (1, top) . Partial phosphorylation allows sufficient microtubule binding affinity to stabilize initial kinetochore-microtubule interactions, which consist of one or a few microtubules and hence do not produce maximal tension. (2, middle) (b). If B56-protein phosphatase 2A (PP2A) is inhibited, phosphorylation marks generated by Aurora B kinase increase on the KMN network, which prevents stable kinetochore-microtubule binding (3, bottom) . c | Speculative model of the regulation of kinetochore -microtubule binding through outer kinetochore phospho-regulation by Aurora B and B56-PP2A. On unattached kinetochores, which lack tension, centromeric Aurora B kinase is in close proximity to its outer kinetochore substrates and phosphorylation is high, despite the presence of B56-PP2A phosphatase at kinetochores (1) . During prometaphase, lateral interactions produce intermediate tension, which results in both inter-and intra-kinetochore stretching. This increases the distance between Aurora B and its outer kinetochore substrates, while B56-PP2A localization relative to the outer kinetochore is unchanged (2) . The net result is a decrease in substrate phosphorylation and stabilization of initial microtubule tip interactions (3). At metaphase, full microtubule occupancy results in the loss of B56-PP2A from the kinetochore, and limited access of Aurora B to its substrates on stretched centromeres allows for stable attachments (4) . d | Association of the NDC80 complex with the yeast Duo1-and Mps1-interacting factor 1 (Dam1) complex and the metazoan spindle and kinetochore-associated (SKA) complex biases and strengthens NDC80 complex localization to the microtubule plus end. This enables the formation of persistent kinetochore-microtubule interactions. e | Tension, arising from bi-orientation, stabilizes attachments both by increasing the lifetime of kinetochore-microtubule interactions and by promoting microtubule polymerization. Force-dependent stabilization of kinetochore-microtubule interactions depends on the NDC80 complex, but other microtubulebinding proteins at the kinetochore may also contribute. CCAN, constitutive centromere-associated network. spatial rearrangements in the centromere and kinetochore are integrated with phospho-signalling networks to stabilize proper kinetochore-microtubule interactions.
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Persistent attachments.
Proper chromosome segregation does not only depend on the establishment of high-affinity interactions between the KMN network and microtubules (which can be tuned through phosphorylation) but also on the maintenance of persistent microtubule contacts as microtubules grow and shrink. Indeed, once kinetochores are bound to microtubule plus ends, chromo some movement can be powered through polymer depolymerization 111 . Unravelling how kinetochores remain persistently attached to dynamic microtubule plus ends is therefore central to our understanding of chromosome segregation.
Accumulating evidence suggests that persistent attachments between the KMN network and microtubules depend on additional microtubule-binding complexes, such as the Duo1-and Mps1-interacting protein 1 (Dam1) complex in yeast and the spindle-and kinetochore-associated (SKA) complex in metazoans. Although structurally unrelated, the ten-subunit Dam1 complex and three-subunit SKA complex both bind processively to dynamic microtubules [112] [113] [114] [115] [116] [117] . Moreover, these complexes have a striking feature in common; the ability to retain the NDC80 complex at depolymerizing microtubule tips [118] [119] [120] (FIG. 4d) . Recombinant NDC80 complexes remain attached to polymerizing and depolymerizing microtubules, but only as oligomers 121 . However, when associated with the Dam1 complex or the SKA complex, NDC80 complex monomers can make processive, loadbearing attachments [118] [119] [120] . Consistent with this, proper chromosome-spindle interactions in vivo depend on the Dam1 and SKA complexes in budding yeast 122, 123 and humans 113, [124] [125] [126] , respectively. The SKA complex has also been proposed to preserve sister chromatid cohesion 127 , but further studies will be required to examine whether in SKA-depleted cells loss of cohesin reflects a distinct biochemical activity of the SKA complex, or whether this reflects an uncoordinated loss of cohesin as a result of extended metaphase arrest 128 . Finally, both microtubule binding and NDC80 complex association with the Dam1 and SKA complexes are negatively regulated by Aurora Bdependent phosphorylation [118] [119] [120] 129, 130 . Together, these studies suggest that the establishment of processive microtubule binding may be yet another regulatory mechanism to modulate chromosome-spindle interactions.
The targeting of other proteins to the NDC80 complex may regulate kinetochore-microtubule interactions, and such proteins include the replication licensing factor CDC10-dependent transcript 1 (CDT1) in human cells 131 and the regulator of microtubule polymerization, defect in sister chromatid disjoining protein 1 (Dis1) in fission yeast 132 . Both CDT1 and Dis1 associate with the NDC80 loop, which is a short region that interrupts the coiledcoil domain. However, because Dis1 binds microtubules and CDT1 is required for chromosome duplication, the contribution of these proteins to kinetochoremicrotubule binding remains to be clarified. For example, in vitro analyses are required to establish whether they directly bind to the NDC80 complex and to identify biochemical effects of these protein-protein interactions on microtubul e association.
Force stabilizes kinetochore-bound microtubules. Protein-protein interactions between kinetochores and microtubules must withstand force so that at anaphase sister chromatids are moved to opposite spindle poles. Before anaphase, when sister chromatids are held together by the cohesin complex, this force generates tension. Pioneering micromanipulation experiments in living cells revealed that tension stabilizes attachments 133 . However, it remained unclear whether tension might have a direct role in modulating the stability of kinetochore-microtubule attachments.
Box 1 | Identifying substrates of Ser/Thr phosphatases
Dephosphorylation is essential for cellular function, but linking specific Ser/Thr phosphatases to signalling networks is challenging. This is mainly because phosphorylation marks that are generated by the ~ 400 eukaryotic Ser/Thr kinases are reversed by a handful of Ser/Thr phosphatase catalytic subunits. Most Ser/Thr phosphatase activity is exerted by just two enzyme families: protein phosphatase 1 (PP1); and protein phosphatase 2A (PP2A). PP1 and PP2A holoenzymes consist of a catalytic subunit that is targeted to intracellular sites and/or substrates by a variable regulatory subunit (see the figure) . In the case of PP2A, the catalytic and regulatory subunits assemble on a scaffolding subunit. Dozens of PP1 regulatory subunits have been identified, and most contain a short PP1-binding motif. For PP2A, four conserved families of regulatory subunits have been described with the total number of regulatory subunits varying between 3 (in budding yeast) to at least 15 (in humans).
Dissecting functions of regulatory subunits at specific stages of the cell cycle (for example, during mitosis) and/or at specific intracellular sites (for example, the kinetochore) has been difficult, particularly because chemical inhibitors only target the common catalytic subunit and therefore are not suitable for the study of specific holoenzymes. Moreover, redundancy in regulatory subunit targeting has been observed. For example, in human cells, each of the five B56 regulatory subunit family members can redundantly target PP2A catalytic activity to centromeres and kinetochores. Therefore, a requirement for B56-PP2A in stabilizing kinetochore-microtubule attachment was only revealed when levels all B56 proteins were simultaneously reduced 13 . In our view, linking phosphatases to specific signalling networks in vivo, in cell division and beyond, will require approaches that address the potential for redundancy in regulatory subunit targeting, such as combinatorial RNAi, analysis of localization dynamics 13 and phosphorylation sensors 154 . Further characterizing the role of tension required the reconstitution of kinetochore-microtubule attachment in vitro, and this allowed quantitative biochemical and biophysical measurements of microtubule binding as a function of force. This feat was recently accomplished using purified kinetochores from budding yeast 134 . The results from these studies suggest a model in which force arising from tension on bi-oriented chromosomes increases the lifetime of kinetochoremicrotubule attachments (FIG. 4e) . These analyses further indicate that tension suppresses microtubule catastrophes and increases the frequency of rescue. This suggests that under tension, kinetochore-bound microtubules spend more time in the assembling state, when kinetochore disassociation is less likely. Thus, in contrast to the vast majority of protein-protein interactions, which are destabilized by force, reconstituted kinetochore-microtubule interactions, which depend on the KMN network, become stronger under forces with magnitudes that are likely to be physiologically relevant. Although clearly an important experimental and conceptual advance, future studies are required to unravel the molecular interactions that are stabilized by force, and how these interactions are integrated with dynamic phosphorylation at the kinetochore.
SAC extinction at the kinetochore Although SAC signalling is essential to ensure sufficient time for all chromosomes to attach to the spindle, equally important is that signalling is extinguished at each kinetochore upon microtubule bindin g. Indeed, kinetochore-based SAC signalling is intimately in fluenced by the binding of microtubules at the kineto chore. For example, several SAC proteins that are enriched at unattached kinetochores are depleted upon microtubule attachment, including MAD1 and MAD2 (REF. 55 ). Depletion of SAC proteins from kinetochores that are attached to spindle microtubules is likely to be a mechanistically relevant step in SAC extinction because constitutive targeting of MAD1 to the kinetochore is sufficient to sustain MAD2-dependent SAC signalling after chromosome bi-orientation 57 . Although the molecular mechanisms that couple microtubule-binding to SAC silencing remain largely unclear, here we describe recent data suggesting that the microtubule-binding status is relayed through the KMN network to couple microtubule attachment to changes in SAC chemistry.
Considering that SAC activation at the kinetochore is dependent on phosphorylation, it is reasonable to suppose that a phosphatase might play a part in SAC extinction. Indeed, SAC extinction at the kinetochore has recently been shown to depend on the recruitment of PP1 (REFS 135, 136) (FIG. 5) . PP1 is targeted to the kinetochore via a PP1-binding motif present in KNL1 (FIG. 3c) , which suggests that the KMN network, and KNL1 in particular, contributes both to SAC activation and extinction. Deletion of the PP1-interaction motif in Spc105 (the budding yeast homologue of KNL1) is lethal in budding yeast owing to failure to silence the SAC 137 . Viability can be rescued by fusing wild-type PP1, but not a catalytically dead PP1 mutant, directly to KNL1, arguing that dephosphorylation of kinetochore substrates contributes to SAC silencing. Similarly, in fission yeast and Caenorhabditis elegans, disruption of KNL1-dependent kinetochore targeting of PP1 compromises SAC inactivation 138, 139 . In C. elegans, a second KNL-1-dependent mechanism of SAC silencing has recently been identified. At the N terminus of KNL-1 resides a microtubulebinding domain 2 (FIG. 3c) . Unexpectedly, the short stretch of basic amino acids, which is adjacent to the PP1-binding motif, is not required for chromosomespindle attachments in vivo but rather contributes to SAC silencing 138 . Moreover, loss of both the microtubule-binding activity and the PP1-targeting motif in KNL-1 yields additive defects on SAC silencing, which suggests that the two routes to SAC extinction are independent.
In human cells, the KNL1-PP1 interaction has thus far only been linked to the stabilization of kinetochore-microtubule attachments 107 . A role for PP1 in SAC extinction may be obscured by redundant KNL1-independent mechanisms that silence SAC signalling at kinetochores. For example, cytoplasmi c dynein 'strips' proteins away from kinetochores towards microtubule minus ends, including MAD1, MAD2 and Spindly, a protein that promotes microtubule binding at the kinetochore 140, 141 . Dyneindependent removal of Spindly is important for SAC extinction at the kinetochore because removal of other cargo, such as MAD1 and MAD2, can also be achieved through dynein-independent, perhaps KMN networkdependen t, mechanisms, whereas Spindly removal cannot 140 . It is not clear why the continued presence of Spindly at kinetochores interferes with SAC extinction. Spindly is not required for SAC signalling, and therefore its removal is unlikely to be directly related to SAC extinction. Instead, the removal of Spindly may be important for other activities at the kinetochore, such as the transition from lateral to tip-based microtubul e attachments. These recent insights are consistent with the notion that KNL1 is both a 'scaffold' for SAC activation and extinction (through the recruitment of BUB1 and PP1, respectively) and a 'sensor' of microtubule attachments, thereby coupling microtubule binding to SAC extinction. How these extinction pathways are relayed to downstream SAC components remains unclear. Identifying substrates of PP1 at the kinetochore will be necessary to understand its role in SAC silencing. MPS1-dependent phosphorylation sites in KNL1 are attractive candidates.
Finally, extinction of SAC signalling at the kinetochore must also be integrated with liberation of CDC20 from its inhibitors MAD2, BUB3 and BUBR1/Mad3 to activate the APC/C. APC/C-dependent autoubiquitylation of CDC20 has a conserved role in disassembling MCC complexes 50, [142] [143] [144] . Furthermore, in metazoans, p31 comet , which is a binding partner of closed MAD2 (REFS 145, 146) , promotes both disassembly of the MCC and autoubiquitylation of CDC20 (REFS 144, 147, 148) . It will be important to examine whether micro tubule capture at the kinetochore accelerates MCC disassembly, perhaps through phosphorylated KLN1, which, in addition to SAC activation, has also been linked to timely SAC silencing 82 . Understanding how the balance of SAC kinase and phosphatase activity at the kinetochore is altered upon microtubule binding to allow cell cycle progression is clearly an important area for future work.
Conclusions and perspective
We have outlined current thinking on how the major functions of the kinetochore, SAC activation, attachment to microtubules and SAC silencing are integrated to ensure accurate yet timely chromosome segregation. Moving forward, one challenge is to understand how the precise balance of kinase and phosphatase activity contributes to kinetochore functions. In particular, this will require linking specific phosphatases, namely B56-PP2A and PP1, to kinetochore substrates. In contrast to Ser/Thr kinases, many of which recognize substrates dependent on specific consensus sequences, PP1 and PP2A holoenzymes do not exhibit strong substrate selectivity, at least in vitro. This has implications for how these phosphatases can achieve specific functions at the kinetochore. In current models, kinetochore-targeted B56-PP2A dephosphorylates substrates at the kinetochore to stabilize attachment 13 , whereas kinetochore-localized PP1 contributes to satisfaction of the SAC 135, 136 . This separation of function implies that the two phosphatases may dephosphorylate distinct substrates to ensure that, for example, enrichment of B56-PP2A on unattached kinetochores, does not extinguish SAC signalling. Such functional specialization could arise from differences in spatial targeting at the kinetochore between PP1 and PP2A. Nanometre-scale mapping 149 of the relative positions of PP1 and PP2A combined with the quantification of the relative number of molecules 150 of kinases and phosphatases at the kinetochore would also shed light on how functional specialization may be achieved.
As our understanding of the molecular transactions at the kinetochore continues to expand, a long-term challenge, in our view, is to make equivalent progress towards understanding the micromechanical properties of the kinetochore. Chromosome segregation is a mechanical process, and kinetochores experience active forces that arise from microtubule-dependent interactions. Active forces, in turn, give rise to passive forces such as elastic force (for example, when the centromere and/or the kinetochore stretch) and/or friction. Forces at the kinetochore vary in magnitude (for example, microtubule occupancy increases from one to 25 microtubules 151 ), timescale (for example, rapid initial movements along the microtubule lattice versus persistent end-on attachments 94 ) and orientation (for example, towards the minus or plus end of microtubules). Throughout this process, intrinsic anisotropy across the centromere and kinetochore results in spatially distinct effects of force coupling. Finally, the molecular composition of the centromere and kinetochore is dynamic, with key proteins turning over within seconds and/or being depleted from the kinetochore in response to microtubule attachment.
A key focus for future work, therefore, is to elucidate how the kinetochore maintains functional stability while accommodating continuing fluctuations in forces and molecular composition. This will require in vitro assays that couple molecular perturbations (for example, substrate phosphorylation) and mechanical readouts (for example, load-bearing microtubule attachments), at the level of single molecules and/ or single kinetochores. The recent success of purifying functional kinetochores from budding yeast and reconstituting kinetochores in Xenopus laevis egg extracts are valuable steps towards this goal 134, 152 . Moreover, in vivo measurements of forces at the kineto chore and the interplay between force and kineto chore composition are required. An important step towards this goal was recently reported, as rearrangements in kinetochore architecture were correlated to the microtubule polymerization status at the kinetochore 153 . Similar analyses will shed new light on the molecular effects of force at the kinetochore.
Mitosis is a vulnerable time for the cell. Mistakes in chromosome segregation lead to aneuploidy and/ or DNA damage and, importantly, while the cell delays in mitosis to prevent such errors, essential metabolic pathways grind to a halt. Many gaps remain in our understanding of this process, but we now have a firm molecular grasp on some key aspects. These advances will guide us towards a better understanding of pathways through which chromosome segregation is compromised in cancer cells and how drugs that disrupt chromosome segregation lead to cell death.
